Drosophila minidiscs mutant larvae have smaller imaginal discs than wild-type larvae. However, transplantation experiments have revealed that minidiscs mutant imaginal discs can grow if cultured in non-mutant hosts. These data suggest that minidiscs is required in one or more non-imaginal tissues for synthesis and/or secretion of a diffusible factor that stimulates imaginal cell proliferation. The 2.3 kb minidiscs transcript accumulates in the larval fat body and encodes a protein containing 12 putative membrane spanning domains that is similar in sequence to amino acid transporter subunits from other eukaryotes, including humans. We propose that in response to amino acid uptake by the transporter encoded by minidiscs, the fat body secretes a diffusible factor required for imaginal disc proliferation. q
Introduction
Drosophila melanogaster is a holometabolous insect; larval cells are histolyzed during metamorphosis and replaced almost entirely by imaginal cells which gives rise to the adult¯y. Although these two sets of cells are both present within larvae, the larval and imaginal cells have different characteristics. The larval cells, which cease mitotic division during embryogenesis, undergo endocycles and become polyploid. They give rise to the cuticle and organs of the larva. The imaginal cells, on the other hand, remain diploid and mitotically active after embryogenesis. The imaginal cells that will give rise to the head, thorax, and genitalia of the adult are arranged in clusters called imaginal discs with characteristic sizes, shapes, and positions within the larva. Imaginal discs arise from small groups of founder cells which initially invaginate from the embryonic ectoderm to form disc anlagen. Although the fate of these cells is determined during early embryogenesis (reviewed in Cohen, 1993) , they do not proliferate until after the embryo hatches into a larva (Madhavan and Schneiderman, 1977) and they do not differentiate until the pupal stage.
Imaginal discs are not required for larval viability (Shearn et al., 1971) .
Genetic analysis of patterning and proliferation in the imaginal discs has shown that proliferation within each disc depends on cell-autonomous processes such as DNA replication, mitosis and signal reception and transduction and also on disc-autonomous (but non cell-autonomous) signaling processes dependent on direct interactions between neighboring cells or on secreted signaling molecules which act within a disc. Mutations in genes involved in any of these cell-autonomous or disc-autonomous processes can cause reduced cell proliferation and give rise to a small imaginal disc phenotype. For instance, MCM2, dpa, and Orc2 encode DNA replication factors (Feger et al., 1995; Treisman et al., 1995; Landis et al., 1997) , Egfr and InR encode transmembrane receptor proteins (Clifford and Schupbach, 1989; Chen et al., 1996) , raf, Mad, and Med encode signal transduction molecules (Nishida et al., 1988; Raftery et al., 1995; Sekelsky et al., 1995) , and vn, Ser, and gbb-60A encode ligands for cell± cell signaling within imaginal discs (Speicher et al., 1994; Schnepp et al., 1996; Khalsa et al., 1998) .
Mosaic analysis can be used to determine whether or not the requirement for a gene is cell-autonomous. For example, mosaic studies have shown that the requirement in imaginal discs for Epidermal growth factor receptor (Egfr), which encodes a receptor tyrosine kinase, is cell-autonomous. Egfr mutant cell clones do not proliferate (Diaz-Benjumea and Garcia-Bellido, 1990 ). However, the requirement in imaginal discs for vein (vn), which encodes a putative ligand for EGFR, is not cell-autonomous. vn mutant cell clones within imaginal discs do proliferate (Wurst et al., 1984) . However, if an entire imaginal disc is made up of vn mutant cells, then the mutant cells do not proliferate (Simcox et al., 1987) . This means that although the requirement for vn is not cell-autonomous, it is nevertheless disc-autonomous. This indicates that vein gene product does not circulate freely in the hemolymph (the¯uid component of the open circulatory system of insects), but instead acts locally within a particular imaginal disc. This limited range is a common feature of other secreted molecules known to be involved in patterning and proliferation within developing imaginal discs, e.g. WINGLESS, DECAPENTAPLEGIC, and HEDGEHOG (Lecuit et al., 1996; Nellen et al., 1996; Zecca et al., 1996; Strigini and Cohen, 1997) .
Three lines of evidence have suggested that normal imaginal disc cell proliferation also requires one or more diffusible factors that can circulate freely in the hemolymph. (i) Although imaginal disc cells can proliferate if cultured in the abdomen of adult females, they do not proliferate if the adult hosts are raised on sugar water rather than normal media (Schubiger, 1973) . This result indicates that some factor, nutritional or hormonal, present in the hemolymph of adult females which are not starved, is required for imaginal cell proliferation. (ii) Although cells within imaginal disc cells can proliferate if cultured in vitro in a de®ned medium which has been conditioned by larval fat body, they do not proliferate in unconditioned medium or medium supplemented with fetal bovine serum (Davis and Shearn, 1977) . Likewise, larval neuroblasts (imaginal cells of the central nervous system) cultured in vitro do not enter the cell cycle unless they are co-cultured with fat body (Britton and Edgar, 1998) . These results implicate the fat body as the source of a diffusible factor, nutritional or hormonal, which promotes proliferation of imaginal cells. (iii) The imaginal disc growth factors (IDGFs) have recently been identi®ed as a family of ®ve polypeptides which promote the proliferation of imaginal disc cells in vitro. The IDGF genes are expressed in the fat body; the IDGFs are similar to secreted glycoproteins, suggesting that they themselves may be secreted into the hemolymph (Kawamura et al., 1999) .
Mutations in genes required for synthesis and/or secretion of such diffusible factors would be expected to cause a small disc phenotype; the requirement for such genes would be neither cell-autonomous nor disc-autonomous. We have recovered mutations in such a gene, minidiscs (mnd) (Shearn et al., 1971) . Imaginal discs from minidiscs mutant late third instar larvae are much smaller than imaginal discs from normal late third instar larvae; moreover, when cultured in the abdomens of normal metamorphosing larvae these small mutant discs show no capacity to differentiate imaginal structures (Shearn et al., 1971) . This result indicates not only that the mutant imaginal discs had failed to reach their normal size, but also that their development had been blocked prior to the point at which the imaginal cells were competent to differentiate. This developmental defect caused by the minidiscs mutation is altogether different from the autonomous small discs phenotype caused by mutations in the insulin-like receptor (InR) gene. Even though imaginal discs from larvae homozygous for weak alleles of InR are small, they are capable of differentiation, and InR mutant adults are viable, though smaller than normal (Chen et al., 1996) .
In order to more fully understand the requirement for the minidiscs gene during development, in vivo culture experiments were done using minidiscs mutant embryonic cells. Embryos derived from minidiscs heterozygous parents were dissociated into cells and cultured in the abdomens of wildtype female adult hosts. These embryos included genetically marked minidiscs homozygotes, minidiscs heterozygotes and balancer homozygotes. After a period of growth, the implants were removed from the adult hosts and cultured in the abdomens of metamorphosing larvae. After the larval hosts had undergone metamorphosis, the implants were removed and dissected. Homozygous minidiscs mutant cells were found in every one of the adult structures derived from imaginal cells (Shearn and Garen, 1974) , showing that the mutant cells were capable of normal growth and differentiation when cultured in a wild-type host from an early stage of development. This result indicated that the requirement for the minidiscs gene is not cell-autonomous, however, it did not allow a conclusion about disc autonomy. Since mutant and non-mutant cells were mixed when the dissociated embryos were cultured, it was possible that mutant cells were able to develop normally not because of a diffusible factor from the host, but instead because of a factor passed from non-mutant to adjacent mutant cells. In another series of transplantations, wild-type imaginal discs failed to proliferate when cultured in minidiscs mutant larval hosts but proliferated normally when transplanted into wild-type larval hosts (Shearn and Garen, 1974) . These data and additional data presented herein suggest that the failure of minidiscs mutant imaginal discs to proliferate in vivo is not due to a disc-autonomous defect, but rather to the absence of a diffusible factor in the minidiscs mutant larval hemolymph.
We have identi®ed the minidiscs gene product in order to investigate its role in the synthesis and/or secretion of this diffusible factor(s) secreted into the hemolymph and required for imaginal cell proliferation. The minidiscs gene encodes a protein with 12 putative membrane spanning domains but no signal sequence. The MND protein is similar to the catalytic subunit of a new class of heterodimeric amino acid transporters. The predominant tissue expressing minidiscs in larvae is the fat body. Taken together with the minidiscs mutant phenotype, these data support a model in which the fat body responds to amino acid uptake by the MND transporter by secreting a factor that is required for imaginal disc maturation and proliferation.
Results
2.1. minidiscs mutants die at the end of the larval stage with small imaginal discs and brain lobes and abnormal fat body
The original minidiscs allele, mnd 1 , was formerly called B5 (Shearn and Garen, 1974) , o52 (Shearn et al., 1978) , and l (3)SG29 1 (Lindsley and Zimm, 1992) . Thirty-one new alleles of minidiscs were generated in F2 screens for noncomplementing mutations induced by ethyl methanesulfonate (EMS), hybrid dysgenesis, or gamma rays as mutagens ( Table 1 ). The results of examining the stage of lethality of the new minidiscs alleles suggest that there are three classes of minidiscs alleles ( Table 1 ). The strongest alleles die during the second and third larval instars. In most cases, these mutant larvae are smaller than their heterozygous siblings of the same chronological age, even when the mutants are separated from the heterozygotes at the beginning of the larval period and allowed to develop separately. The intermediate alleles, which make up the largest class of minidiscs alleles, die just after puparium formation. Mutants crawl out of the food, form puparia, and then stop developing. No adult tissues differentiate. The weakest class of minidiscs alleles can survive to the adult stage, but only under certain conditions (e.g. mnd
21
, a heat sensitive mutation, and mnd
22
, a cold sensitive mutation) or to a limited extent (e.g. mnd 6 /mnd 35 adults die while emerging from the pupal case).
The size of the imaginal discs in various combinations of strong and intermediate mutant alleles was measured and found to range from negligible to approximately one-third of the size of discs from wild-type larvae (Fig. 1A,C) . There seems to be a general correlation between the size of the discs and the stage of lethality ± that is, the earlier the lethality, the smaller the discs. In brains from strong and intermediate minidiscs mutants, the ventral ganglion is slightly smaller (80±90% in width) than that of wild-type, and the brain lobes of the mutants are severely reduced (less than 50% of the diameter of wild-type brain lobes) (data not shown). There is a small number of minidiscs alleles which give rise to mutant larvae with apparently normal-sized imaginal discs and brains. These are the alleles categorized as weak by their stage of lethality, and under conditions where adults survive, the mutant adults appear to be normal in size. The fat body from third instar larvae mutant for strong allele combinations (e. g. mnd 4 /mnd
35
) is less opaque than fat body from wild-type late third instar, but similar in opacity and appearance to fat body from wild-type early third instar larvae (data not shown). This is similar to the appearance of fat body from wild-type larvae which have been starved (Britton and Edgar, 1998) .
minidiscs mutant imaginal discs are capable of proliferation and differentiation when transplanted early into wild-type hosts
In order to further assess whether the minidiscs gene is required in a disc-autonomous fashion, the anterior portions of mutant ®rst instar larvae (containing the brain and most of the imaginal discs) were cultured in vivo. Imaginal discs from minidiscs mutant larvae cultured in vivo attain nearly normal size (Fig. 1B,D) ; moreover, these nearly normalsized mutant imaginal discs are capable of differentiating normal imaginal structures if re-transplanted into metamorphosing larvae (Fig. 1E) . These results indicate that the requirement for minidiscs gene function is non-autonomous. They imply that the hosts are providing a diffusible factor to the mutant donor discs that is required for their growth.
minidiscs encodes a protein similar to the catalytic subunit of heterodimeric amino acid transporters
Recombination mapping with mnd 1 placed the gene on the left arm of the third chromosome (Shearn and Garen, 1974) . Complementation testing with deletions revealed that minidiscs is in the 71 region near the Bearded (Brd) locus. A homozygous lethal Bearded allele generated by excision of a P-element, Brd-A163, fails to complement minidiscs mutations. Since this excision allele has no detectable cytological abnormalities, it is likely that minidiscs is very close to Bearded, which has been mapped to 71A1 (Leviten et al., 1997) .
In order to identify genomic DNA containing the minidiscs gene, phage clones from a chromosome walk used to clone Bearded were used to probe Southern blots containing genomic DNA from¯ies heterozygous for minidiscs alleles. One probe (fragment 2 in Fig. 2A) showed rearrangements in DNA from two independently isolated minidiscs alleles, suggesting that this ,6 kb EcoRI fragment contained all or part of the minidiscs gene. Genomic DNA from wild-typē ies cut with EcoRI showed a single band at ,6 kb (Fig. 2B , lane 1). DNA from mnd 18 /1, however, showed a new band of ,5.6 kb and a corresponding reduction in the intensity of the ,6 kb band (Fig. 2B, lane 2) . The most likely explanation for these changes is a deletion of 0.4 kb in the 6 kb EcoRI fragment in mnd
18
. DNA from mnd 34 /1 showed a new band of ,11±12 kb and a less intense ,6 kb band (Fig. 2B, lane 3) . Since mnd 34 is a dysgenic mutant, the new band probably represents the insertion of a transposable element into the 6 kb EcoRI fragment, although it is probably not a P-element (unpublished data). Neither of two revertants of mnd 34 showed the ,11±12 kb fragment present in mnd 34 /1 DNA ± both of them showed the single ,6 kb band present in wild-type¯ies (Fig. 2B, lanes 4 and 5) . This correlation between reverting the lethality and losing the DNA insertion supports the idea that the DNA rearrangement in mnd 34 is directly related to the minidiscs mutation. Using the probe (fragment 2) that recognized the rearrangements in minidiscs mutants, overlapping cDNA clones were isolated. Comparing the sequence of the longest cDNA, cDNA11, to the genomic sequence revealed that the minidiscs transcript undergoes splicing ( Fig. 2A) . Sequence analysis suggested that cDNA11 was incomplete at the 5 H end, because it did not have a consensus transcription initiation site. The database of expressed sequence tags (EST) at the Berkeley Drosophila Genome Project (BDGP) was searched for longer cDNAs derived from minidiscs. One cDNA, LD02790, was found to be nearly identical to cDNA11, but included about 300 base pairs of 5 H untranslated region (UTR) sequence upstream of that included in cDNA11 ( Fig. 2A) . Nevertheless, even cDNA LD02790 is probably incomplete, since there is no match to the consensus for transcription start sites within the additional 300 base pairs (Brown et al., 1994) . Examining the genomic sequence upstream of the minidiscs cDNAs did show a potential transcription start site which differs from the consensus by just one nucleotide 27 base pairs upstream of the start of cDNA LD02790 (data not shown). This potential transcription start site is preceded by a sequence which could be the TATA box element for the minidiscs promoter. Although the potential TATA box makes a slightly imperfect match to the TATA box consensus, the spacing between the potential TATA box and the potential transcription start site is correct (Burke and Kadonaga, 1997) . The best evidence that these sequences actually function as part of the minidiscs promoter and transcription start site is that the size of the minidiscs transcript estimated from Northern blots, ,2.3 kb, matches the size predicted if this potential transcription start site is used.
To test whether cDNA11 represents the minidiscs gene product, a construct was made to assay whether expression of cDNA11 could rescue the mutant phenotype. Normally, mnd 4 /mnd 35 progeny die at the early pupal stage. However, mnd 4 /mnd 35 individuals which also carry the hsp-Flag-minidiscs construct and receive daily 1 h heat pulses at 378C survive to become viable and fertile adults with no obvious abnormalities. This rescue proves that cDNA11 encodes a product of the minidiscs gene.
The nucleotide sequence of cDNA11 has one large ORF predicted to encode a 499 amino acid protein with a molecular mass of 54.3 kDa. The hydropathy pro®le of this predicted protein shows that there are 12 hydrophobic segments of the protein; these are putative membrane spanning domains (Fig. 3B) . The 499 amino acid minidiscs product has no signal sequence, so it is presumed to be an integral membrane protein.
The predicted amino acid sequence encoded by the cDNA11 ORF is similar to many transporter proteins, also known as permeases. These proteins transport small molecules across the plasma membrane and into the cell. The cDNA11 ORF is most similar to a family of proteins which have recently been shown to function as the catalytic subunits of a new class of heterodimeric amino acid transporters (Mastroberardino et al., 1998) . The amino acid sequence of MND is 49% identical to that of the human E16 protein (Gaugitsch et al., 1992) , 48% identical to that of the rat LAT1 gene (Sang et al., 1995) , 46% identical to that of Xenopus laevis ASUR4 (Liang et al., 1997; Spindler et al., 1997) , and 35% identical to that of Schistosoma mansoni SPRM1 (Fig. 4) . All ®ve of these proteins are similar in length (between 499 and 507 amino acids long), and have been predicted to have 12 transmembrane domains. The identical amino acid positions are distributed fairly evenly along their lengths, except for the termini, which are more divergent. The putative membrane spanning domains are somewhat more conserved than the cytoplasmic and extracellular loops.
minidiscs is expressed dynamically during development
In order to determine the temporal pattern of minidiscs transcript accumulation, wild-type poly(A) 1 RNA from various stages was fractionated by agarose gel electrophoresis, blotted to a nylon membrane and hybridized to a small genomic fragment from the coding region of the minidiscs gene (fragment 3 in Fig. 2A) . A single transcript of approximately 2.3 kb was detected in all stages examined (Fig. 5A) , but only after a long exposure (10 days at 2808C). The size of the transcript, ,2.3 kb, is approximately the same as the size of the longest minidiscs cDNA, LD02790. The minidiscs transcript is most abundant in embryo and adult stages and quite scarce in late larvae and pupae.
minidiscs is expressed predominantly in the fat body
In order to determine the tissue speci®c pattern of minidiscs transcript accumulation, we used in situ hybridization. Embryos showed early ubiquitous staining with the digoxigenin-labeled minidiscs probe, probably due to maternally-deposited minidiscs mRNA (data not shown). This result supports the ®nding above that minidiscs transcript accumulation is high in embryos. In later stages of embryogenesis, primarily the fat body stained strongly (data not shown). In third instar larvae, as in late stage embryos, the predominant tissue which shows minidiscs transcript accumulation is the fat body (Fig. 5C ). Fat body from larvae which have been hybridized with the minidiscs antisense RNA probe showed strong staining throughout, whereas fat body hybridized with the minidiscs sense RNA probe (negative control) did not stain.
There was moderate staining in the gut and very weak staining in the optic lobes of the brain and in the imaginal discs of third instar larvae hybridized with the minidiscs antisense RNA probe (data not shown). Although this staining was much less intense than the staining in the fat body, in all cases it was stronger than the staining in larvae hybridized with the sense RNA probe. This weak staining was not due to slight variations in background staining (for instance, endogenous alkaline phosphatase activity could be mistakenly interpreted as real staining). When mock in situ hybridization reactions without any probe were done, there was no background staining (data not shown).
Discussion

A requirement for minidiscs is non-autonomous
Previous transplantation data demonstrated that the requirement for minidiscs function in imaginal discs is not cell-autonomous (Shearn and Garen, 1974) . However, in those experiments, the transplanted cells were a mixture of mutant and non-mutant cells so no conclusion could be reached about disc autonomy. The transplantation data described here demonstrate that one requirement for minidiscs function in imaginal discs is also not disc-autonomous. Discs composed entirely of mutant cells were able to proliferate and differentiate in wild-type hosts, as long as they were transplanted at an early stage of development. This non-autonomous requirement for minidiscs implies the existence of a minidiscs-dependent factor that is synthesized in non-imaginal tissue and secreted into the hemolymph where it diffuses to imaginal disc cells and promotes cell proliferation. Since the hosts for these transplants were adult females, this factor must be secreted into the hemolymph of adults as well as larvae. In minidiscs mutants this factor is either not synthesized or not secreted leading to the small disc phenotype of minidiscs mutants. We identi®ed the minidiscs gene product in order to help understand its relationship to this diffusible factor. Fig. 4 . Alignment of MND sequence, accession # AF139834, amino acid sequences from similar proteins in other species: human E16, accession # AF077866; rat LAT1, accession # AB015432; Xenopus laevis ASUR4, accession # Y12716; and Schistosoma mansoni SPRM1, accession # L25068. Black boxes show amino acid residues identical in at least four of the sequences; gray boxes show similar amino acid residues.
In the transplantation experiment described here, we have shown that although mutant imaginal discs transplanted early into wild-type hosts were able to grow and develop the characteristic folds of third instar imaginal discs, the imaginal discs appeared slightly smaller than non-mutant imaginal discs transplanted in the same way. It is possible then there that is a secondary, autonomous role for mnd in imaginal cell proliferation. This idea is consistent with the low level of mnd RNA expression seen in imaginal cells of the discs and brain.
The minidiscs-dependent factor comes from the larval fat body
The imaginal disc and brain proliferation defects as well as the lethality of minidiscs mutations can be completely rescued by ectopic expression of a transgene containing an epitope-tagged version of the cDNA11 open reading frame, proving that this cDNA encodes a product of the minidiscs gene. Using a genomic fragment that encodes this cDNA as a probe, we observed that in late embryos and in larvae, the minidiscs transcript accumulates primarily in the fat body. This suggests that the fat body is the nonimaginal tissue in which the minidiscs-dependent factor is synthesized. Several years ago we showed that the larval fat body secretes one or more factors required for the growth of imaginal discs in vitro (Davis and Shearn, 1977) . It is possible that one or more of those factors is identical to the minidiscs-dependent factor. More recently identi®ed is a family of polypeptide growth factor genes that are expressed in the larval fat body. The products of these genes resemble secreted glycoproteins; in vitro they stimulate the proliferation of cultured imaginal disc cells (Kawamura et al., 1999) . It is also possible that one or more of these imaginal disc growth factors is identical to the minidiscs-dependent factor.
minidiscs acts upstream of the factor
The deduced amino acid sequence of MND shows that it is not a secreted protein; therefore, although it is expressed in the fat body, it is unlikely that minidiscs itself encodes the diffusible factor required by the imaginal discs for normal proliferation.
The 499 amino acid MND predicted sequence is most similar to sequences from human, rat, Xenopus, and Schistosoma proteins which make up a new family of amino acid transporters. Recent work has shown (1) that when coexpressed with a so-called regulatory heavy chain, the human, Xenopus and schistosome versions of the transporter can mediate the import of amino acids into cells in vitro, (2) that although these`catalytic subunit' proteins have weak similarity to the superfamily of conventional monomeric amino acid transporters, they show no transport activity when expressed alone, and (3) that the co-expression of a heavy chain is necessary for transport activity, probably for the correct plasma membrane localization of the catalytic subunit of the transporter (Mastroberardino et al., 1998) . Because of the strong sequence similarity between MND and human E16, rat LAT1, Xenopus ASUR4, and Schistosoma SPRM1, we speculate that MND also functions as a transporter of amino acids. However, we have not yet done functional studies to show that MND does indeed act as a transporter and if so whether it requires a regulatory heavy chain for activity.
In mammals, as well as in lower eukaryotes, there are multiple amino acid transport systems with different, but partially overlapping substrate speci®cities (Sophianopoulou and Diallinas, 1995; Malandro and Kilberg, 1996) . In most cases, the structural basis for substrate speci®city is not well understood, so the particular amino acid(s) accepted by a particular transporter cannot be predicted solely from the amino acid sequence of the transporter protein, but instead must be determined experimentally. This is also true for the catalytic subunits of the newly identi®ed dimeric amino acid transporters. For instance, Xenopus ASUR4 or human E16, when co-expressed as described above with the human 4F2 heavy chain, transport Phe and His, and to a lesser extent, Leu, Gln, and Met. SPRM1, on the other hand, has a different substrate speci®city: When co-expressed with human 4F2 heavy chain, it transports Arg optimally, and Phe, His, Lys, Gln, and Met to a lesser extent (Mastroberardino et al., 1998) . Thus, the amino acid speci®city of the MND putative transporter will need to be determined experimentally.
Model for minidiscs function
We have shown that the minidiscs gene is required nonautonomously for imaginal disc growth, that minidiscs is predominantly expressed in the late embryonic and larval fat body and that it encodes a putative integral membrane protein with strong similarities to amino acid transporters identi®ed in other species. minidiscs is the ®rst gene identi®ed by mutations that is required non-autonomously for imaginal disc proliferation. What might the relationship be between amino acid uptake in the fat body via the minidiscs gene product and secretion from the fat body of minidiscsdependent factor? The best available clues come from the ®ndings (1) that raising larvae without suf®cient dietary amino acids reversibly blocks the normal mitotic cycle of imaginal cells, (2) that providing amino acids in culture to isolated CNS from starved larvae does not remove the block, but (3) that providing fat body from fed larvae in co-culture with isolated CNS from starved larvae does restore normal mitotic cycling in the imaginal cells of the CNS (Britton and Edgar, 1998) . Based on their ®ndings, Britton and Edgar (1998) proposed that the fat body monitors the nutritional state of the larva by the uptake of one or more amino acids from the hemolymph and that in response to suf®cient uptake of amino acids the fat body secretes a mitogenic factor that stimulates imaginal cell proliferation. Our results support this model and identify MND as a part of this pathway. Based on our ®ndings, we propose that it is the MND transporter that the fat body uses to mediate the uptake of the amino acid(s) which the fat body uses to monitor the nutritional state of the larva (Fig. 6) . When nutritional conditions are favorable, the fat body secretes minidiscs-dependent factor which promotes the proliferation of imaginal cells. If the larva is starving, there are no amino acids to transport, so the fat body does not secrete minidiscs-dependent factor. If the minidiscs gene is mutated, the fat body does not secrete minidiscs-dependent factor even in the presence of suf®cient food, because without the MND protein to transport amino acids into the fat body, the fat body is unable to sense the abundance of food.
Experimental procedures
Flies
Strains containing deletions in the Brd region were provided by Dr. James Posakony's lab. y w; Sb D 2-3/TM6 e Ubx and fs(1)K1237¯ies were obtained from the Bloomington Stock Center.
The original minidiscs allele, mnd 1 , is marked with ebony (e) and multiple wing hair (mwh). The 31 new alleles of minidiscs are all marked with red malphigian tubules (red). The minidiscs mutants are kept as stocks which are mutant for the yellow (y) gene on the ®rst chromosome. The minidiscs third chromosomes are balanced by a TM3 chromosome carrying a wild-type copy of the yellow gene (y; mnd x red/[y 1 ]TM3 Sb e Ser, where x represents any of the alleles).
Determining lethal stage
To determine the stage of lethality, each allele was examined in trans to mnd 35 , a putative null allele induced by gamma rays, to avoid possible complications due to other lethal mutations on the minidiscs mutant chromosomes. Twelve males and 12 females were mated and allowed to lay eggs in a new vial daily for 3 h. The staged collections of progeny which resulted from the cross were collected after 3±10 days and counted. Mutant larvae could be distin- Fig. 6 . Model for minidiscs function in imaginal disc cell development. minidiscs is primarily expressed in the fat body of the larva, where it functions as an amino acid transporter for one or more amino acids. When the larva is not under starvation conditions, MND transports amino acids into fat body cells for the synthesis or release of some mitogenic factor. After this factor(s) is secreted from the fat body, it diffuses through the hemolymph to the imaginal discs, where it acts to promote the proliferation of imaginal disc cells.
guished from their heterozygous siblings because they lacked a wild-type copy of the yellow gene and so had brownish mouth parts (instead of black). The lethal stage is generally de®ned as the latest developmental stage in which mutants are found alive. In some cases, the percentage of yellow larvae would decrease to zero over a period of more than 1 day. In these cases, the lethal period was reported as more than one developmental stage.
Transplanting mutant discs mnd 4
/mnd
35 mutant and non-mutant control ®rst instar larvae were inverted and the anterior halves, containing the brain/disc complexes, were cultured individually for 7 days in the abdominal cavities of heterozygous fs(1)K1237 (also known as ovo-D) adult female hosts. The implanted tissues were removed and examined for imaginal disc cell proliferation. In some cases, the tissue was then re-injected into a metamorphosing larval host. The implanted tissue was removed and examined for adult structures that had differentiated from the cultured imaginal discs.
Molecular biology
Subcloning and Southern blots, Northern blots (kindly provided by Dr. LeeAnn Leshko), and libraries probed with 32 P-labeled DNA fragments were done according to standard techniques (Sambrook et al., 1989) . Plasmid DNA was sequenced using an automated¯uorescent sequencer. Sequencing was also done at the Johns Hopkins Medical School DNA Sequencing Facility.
A genomic library from wild-type Drosophila melanogaster in the lambda FIX II vector was generously provided by Dr. Eric Fyrberg. The probe for the genomic screen was a ,4 kb BamHI fragment from Brd phage 23A, kindly provided by Mike Leviten in Dr. James Posakony's lab (fragment 1). Twenty-three separate lambda phage clones were puri®ed. Restriction mapping showed that one of the genomic phage clones, 12-1A, extended the farthest away from the Brd locus, and it was chosen for further characterization.
A ®rst and second larval instar cDNA library constructed in lambda gt10 by Lawrence M. Kauvar, Barry Drees, Steve Poole, and Thomas Kornberg was screened with a ,6 kb EcoRI fragment from minidiscs phage 12-1A (fragment 2). The largest of several overlapping cDNA clones, cDNA11, was analyzed.
For RNA in situ hybridizations, a ,0.6 kb BamHI±EcoRI restriction fragment (fragment 3) derived from fragment 2 was subcloned. Digoxigenin-labeled RNA probes were constructed according to a protocol from BoehringerMannheim. Before the hybridization, the probes were reduced in size by boiling for 30 min (Harvie et al., 1998) . Inverted third instar larvae were prepared and hybridized as described (Masucci and Hoffmann, 1991) , except that RNA probes were used and the hybridization temperature was 558C. Embryos were prepared and hybridized as described (Tautz and Pfei¯e, 1989) .
